Building solar plants with suitable placement in the correct geographic areas by utilizing information of solar radiation is the starting point of an investment projects of a solar energy facility. In these premises, several solar radiation models have been improved in order to estimate the solar radiation at a given location, all around the world. Complete and accurate solar radiation data at a specific region are quite important for the solar energy related researches. A number of formulas and models have been developed to estimate solar radiation for the locations, where measured values are not available. Thus, several empirical correlations have been developed in the literature. In this study, models such as the Angström equation, which is reviewed in literature, are used to estimate global solar radiation from sunshine duration in Turkey. In addition, the solar radiation models were examined at the identified solar radiation regions. This study investigates either the correctness of the model itself or the correctness of the estimation of global solar radiation, based on a set of statistical parameters such as R 2 , RMSE, MBE, MABE, MPE and MAPE.
Introduction
Today, sustainable energy is a developing issue in science, economy and politics. However, in the near future it will be the most important subject in every part of the world. Further, the solar energy is one of the significant sustainable sources.
The most important factor for a solar energy facility is the sunlight. If the solar collector does not receive the proper amount of sunlight, then the whole system will not function at its maximum potential. Therefore, it is necessary to measure the amount of sunlight in the area where one wishes to install a solar energy system. Measurements can be done by simply using a sunlight calculator or some recording devices and sensors. Estimations can be also done using average daily, monthly or yearly solar insolation, numerical calculations of solar radiation, global isoflux contours and satellite cloud-cover data. The methods for calculating the amount of solar energy from meteorological data require various climatological and physical parameters for solar energy systems. Some of the data are measured directly at weather stations. Other parameters are related to commonly measured data and can be derived with the help of a direct or empirical relationship.
Besides, global solar radiation cannot be detected in huge regions. Thus, there has been a large number of numerical methods that estimate this value. This study * corresponding author; e-mail: erzuh@itu.edu.tr aims to review the literature, regarding solar radiation models for area that encloses Turkey. The other main objective is to analyze the global solar radiation models for Istanbul. Graphical analyses are done for each reviewed model and, to be more concise, the statistical analyses are also done. The numerical results of each model are analysed by such statistical methods as MPE, MAPE, MBE, RMSE and t-stat.
Materials and methods
The global solar radiation is defined for selected regions, or more specifically stations. In this study, Istanbul is selected in order to examine the reviewed models in the literature and to define the most appropriate correlation that might be used in the similar climatic regions.
First of all, the altitude and latitude of the province are some of the most important values in order to calculate the solar angle. Istanbul has latitude of 41.10 degrees and altitude of 91 meters.
Turkey comprises different solar radiation ranges, because of its geographical location. The solar radiation distribution map of Turkey is shown in Fig. 1 . It contains the data of solar radiation level of Istanbul, where it ranges between 1 400 kW h m −2 year −1 and 1 500 kW h m −2 year −1 . In addition to these numerical values the literature was also reviewed regarding the calculation of the solar radiation in Istanbul. The models selected from the literature, examined not only Istanbul, but also provinces within Turkey. Therefore the evaluation methods have been tested many times to verify their suitability. 
T-Stat t-statistical analysis
Before giving details about the models from literature, the solar angle calculations and solar radiation fundamental equations are given below, in order to show the principles that this study relies on. To begin with, solar angles should be clarified. The declination angle is the most important angle, value of which varies between −23.45 degrees, at winter solstice on December 21
st , and 23.45 degrees, at summer solstice on June 21
st , represented by δ.
Another fundamental angle is the hour angle, which is the angle between the longitude where the Sun rays perpendicular and the longitude of the examined point. The angle between the direction of the geometric center of the Sun and the horizontal plane at the considered point is the solar altitude angle, which is also the complement of the solar zenith angle [1] [2] [3] [4] [5] . δ = 23.45
• sin 360 (284 + n) 365 .
(1)
w s = cos −1 (− tan φ tan δ) .
(3) In order to determine the solar radiation data, the knowledge of solar angles is not quite enough. Though, there have been numerous methods for estimation of solar radiation, developed in the history of science, the most important one is the correlation, which was proposed by Angstrom, depending on the monthly average clear sky daily total radiation on horizontal surface for a given location [6, 7] . However, the monthly average clear sky daily total radiation on horizontal surface is difficult to estimate. Therefore, Prescott has modified the Angstrom's method by introducing the dependence on extraterrestrial radiation, instead of clear sky daily radiation, as given in Eq. (4) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
where the monthly average daily extraterrestrial radiation on the horizontal surface is formulated with Eq. (5).
The mentioned equation also depends on the relative sunshine duration. The monthly average maximum possible daily sunshine duration can be defined via the mean sunset/sunrise hour angle, as shown in the following equation.
The monthly average maximum possible daily sunshine duration can be also computed using the latitude and the solar declination angle.
As the fundamentals are explained above, the models considered in this study are shown in Table I . As can be seen, most of the models depend on relative sunshine duration. The model 1 by Kilic and Ozturk proposes new correlation coefficients for Angstrom equation, which are related to latitude angle, declination angle and solar altitude of the province.
Model 8 has sub model, named 8b, which depends on declination angle as well. Model 10 has sub models, which are also divided into two groups, according to the months of the year. Finally, model 13a is also based not only on the relative sunshine duration, but also on the latitude of the station. To ensure the appropriate model for Istanbul, statistical analysis methods were used with regard to the measured monthly average global radiation, for each month of the year. These data were obtained from Turkey Meteorology Station. The widely used statistical analysis methods applied in this study are explained below. The deviation between measured and calculated monthly average daily global solar radiation is named after the relative percentage error e, which is commonly used in analysis.
Here c i is the calculated value and m i is the measured value. In this study, m i represents the data obtained from the Turkey Meteorology Station, while c i is obtained from the evaluated models. The ideal result for relative percentage error is equal to zero. The mean percentage error (MPE) is the other statistical analysis method reviewed in this study. This method also includes the relative percentage error within calculations, as presented below, where the number of data pairs is shown as n.
The mean absolute percentage error (MAPE) is the absolute value of MPE, as can be understood from the name. It can also be defined as the absolute average of the relative percentage error. The formula for the mean absolute percentage error is given as
The other commonly used statistical analysis method is the mean bias error (MBE). This method gives information about the accuracy and performance for the long term period.
As stated above, c i is the calculated value and m i is the measured value. The ideal value for MBE is also zero. Similarly, root mean square error (RMSE) depends not on the relative percentage error, but on the calculated and measured values only. RMSE gives always positive values or zero.
At last, the t-statistical analysis method was also considered to be applied to the reviewed models. This analysis method includes both mean bias error and root mean square error as formalized below.
The performance of the considered model can be seen by investigating the t-stat value. Smaller t-stat value shows better performance of the model, which explains why the ideal value is zero. The evaluation of the reviewed models is not the appropriate way of defining the method applicable for Istanbul or any other station. The statistical analysis methods should be used in order to get reliable results. Accordingly, the models are examined both numerically and statistically in this study.
Results and discussion
The first set of models demonstrates that the worst and the best results were obtained with the Model 4 by Taşdemiroglu and Sever and Model 5 by Yildiz and Oz, respectively. On the other hand, Model 1 by Kilic and Ozturk shows the most appropriate result, as it has the nearest values to the measured monthly average daily global radiation. According to numerical results, the statistical results also show that Model 1 has the most relevant results compared to the rest of the models of the first set.
The evaluation of the second set for Istanbul shows negative results for Model 9 by Toğrul and Onat, as it is expected. To be more clear, the proposed correlation is for the station Elazig, which is within the fourth region of the range of solar radiation distribution in Turkey and is the completely different range from the evaluated station. Therefore, the results of statistical analysis verify the distribution.
Other models show positive results. In the first and last quarter of the year Model 8a shows the highest results with different correlation type, where Model 7 has the nearest values to the measured data. Further, the rest of the year Model 6, with the linear equation, has represented the highest values, where Model 8a has more appropriate results. Overall, the performance of the Model 7 is better than the other results.
Model 10 by Togrul et al. is investigated within the third set. Although there have been fluctuations between the sub-models, they all show results similar with the measured data, except Model 10b, between August and the end of the year. However, according to the statistical results Model 10b has shown the smallest t-statistical results.
On the other hand, Model 10c shows better short term and long term performances according to the root mean square and mean bias error, respectively. These results are expected, because of the correlation type of the Model 10, in general.
The fourth set of models has negative results, like the second set of models. Model 11 by Ertekin and Yildiz has negative results, as it is proposed for the station from the fourth region of solar radiation distribution range of Turkey. Besides, the other models of fourth set have values close to each other, and to the measured values.
In order to define the most applicable model, the statistical analysis methods show that Model 13a is the most appropriate model among other models of the fourth set, for Istanbul.
Model 14 by Ulgen and Hepbasli and Model 15 by Aras, Balli and Hepbasli are examined within the fifth set of models for Istanbul. Although the numerical results are almost equal, Model 14a is more applicable, compared to the sub-models of Model 15. Further, the statistical results, with the exception of t-statistical analysis, confirm the numerical conclusions. While results state that Model 14a has the best short term and long term performance, Model 15c has the best performance in general.
At last, the sixth set of models shows that Models 16a and 16b show almost equal results through the entire year. Besides, until the end of May Model 18 has the nearest values to the measured data. By the end of the year Model 17 has higher values compared to the rest. As the results of statistical analysis show, Model 18 is more applicable while Model 16a has lower t-statistical result.
The comparison of all models according to statistical analysis methods states that there have been three models that are more applicable for Istanbul than others. According to to the mean percentage and mean absolute percentage error, Model 1 has the nearest result to the ideal value. Further, the mean bias error and root mean square error, which give information about the accuracy and performance for long and short term period, respectively, show that Model 10c has the lowest values. Meanwhile, Model 16a shows better performance according to the t-statistical result, which is 0.42. Figure 2 shows the results, which were described above. 
Conclusions
The monthly average global solar radiation and the monthly average maximum possible daily sunshine duration in Istanbul are analyzed in this work. Several models have been found in the literature for the estimation of the global solar radiation. Some of them were selected and applied to predict monthly average daily global solar radiation on a horizontal surface in Istanbul. The agreement between the calculated and estimated values is remarkable and these models are recommended for use in any location in Turkey or for stations with a similar climate.
